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Photoluminescent Conversion of Laser Light for 
Black and White and Multicolor Displays. 1: Materials 

L. G. Van Uitert, D. A. Pinnow, and J. C. Williams 

.\ numoor. of pho~oluminet~cenL rnalerials have been found U> have properties that make them extremely 
useful ~or ~mprovm~ the quality of laser displays 118 w<•U 11.!1 offering simplification for multicolor systems. 
The pnnetplll funclton uf thfllle materials is that of eolor eonversion when coated onto a laser illuminated 
vi!'~iu~ '?!!en. A !ICO<Indary, yet signiiicMt, role is that of rendering t.he converted light incoherent. 
Th1:< elurunatcs .th.- unplfi88AIIL granular or epeddy texture 1\..""'<:iated wit.h din!(·~ viewing of diffusely acal
terro co~erent light. lL L~ concluded that. virtually any vi ible color may be achieved by photoluminescent 
ronvel'!lll>fi of a mounrbromatic blue or ultraviolet la_-er beam. 

I. Introduction 

~n a r<'.ccnt rcvit>w of lt\Sor· di:;play technology Baker1 

pomtcd out that considcmblo motivation in this field 
~>lem!l from the promi"C of producing a cathode my tube 
typo of display with e."-'ICUI ially unlimited scr<.-cn size. 
Ho concluded that althoujl;h nde<tuate light benm modu
lation and scanning technique~ arc prCJqJntly available, 
broadly applicable equipment awaits the development 
of nn efficient mull icolor ltlS(lr t-ourcc. 

Although i!uch a mult icolor source would indeed be 
d&~irable, the prospect!! for its realization, even in the 
distant future, arc speculative. llowever, it is clear 
that eflicicnt monochromatic or limited color mnge lm:~er 
source!'! cun and wiU be drv<'lopt'<f.l The purpo~~t• of the 
prcl!Cnt work is to show thut a monoehromntic laser 
s~urce Is !lati.sfactory for whito light and multicolor 
drsplnyt! when advantngt> is tnkcn of photoluminescence 
thO t\bHorptiun Of light o( 0110 W!LVelength and the SU~ 
sequent cmiHsious at another wavelength. By prop
erly coating a viewing scr(l('n with existing orp;unic and 
inorganic pho~phonl it i. possible to efficicntlv conv<'rt 
mo!lochromatic blue or ultraviolet ~r lip;ht into 
virtually any viKible colur including white. Au addi
tional benefit of thi~> couver ion i1:1 the eliminution of 
the unplca.'4ant granular texture generally 1\riSocinted 
with din>et viewing of diffu ely scnttercd coherent 
light ,1 because the conv('rfed light is incoherent. 

The bo.t~ic phytJics of pbotoluminesct•nt convctl!ion is 
qwtr l!iruple. PhotonR from a light beam such ru1 a 
~r beam are ~bsorbed in fi matorial which is thereby 
ratl!(Jd to an excttcd st11tc. '!'his excitation equilibrates 
in a briof intervul, typicnlly JO-• sec to 10 ~flee. Equil-

Thll authora are wilh Bell Telephone Laborotorif.'l!, Inc., Mur
ray HiU, New Jersey 07974. 

Received 16 March 1970. 
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ibrotion can proceed both rudiutivcly by the emission of 
a photon and nonrudiativcly by, for example, a sel'ies of 
phonon interactions. A mntt'rial is considered to be a 
phosphor if radiative emis.~ion iR observed. The rela
tive trt-ngth of radiative trnmitions i specified in terms 
of t be pho .. phor's quantum efficiency, defined aa the 
rotio of emitted photont~ to nbsorbed photons. In 
general, the energy of the emit ted photons is less than or 
equal to t be energy of the ltbsorbed photon ( tokes's 
Jaw). Thut is, the color of the emitted Light is either 
unchnng<'<.l or hifted in the direction of longer wave
length.. In certain limited case ami- tokes (shorter 
wavelength) emis~ion is al o possible when additional 
energy is ~<upplied to the single photon e.xcited state by 
other means such as thermal excitation or multiple 
photon absorption.• In tho presrnt work we will con
sider only Stokes emitting pho!'!phors which have suf
ficiently high quantum efficiencies to be of interest for 
laser diRplay applications. Some emphasis will be 
placed on those materials that can be excited by the 
argon ion Jnser which is presently the most suitable 
sourer for a laser display sy tern. 

II. Characterization 

There are four ba..'lic propertirs that characterize 
photoluminescent materials. They nre (1) ab orption 
and emis:;iou spectra, (2) couver"ion lifetime, (3) 
quantum efficiency, and (4) ab~orption cross section. 
It should be noted that the last three propertie can be 
functions of the e."<citing \nwelength. The features 
that make a phosphor desirable for application in ltlSer 
display sy terns can be related to these properties. 
First, the phosphor must have a high absorption cross 
section for the exciting loser wavelength so that nearly 
total absorption can take place in a thin layer of mate
rial that is coated ooto a screen. The phosphor should 
have an emission spectrum in a de."-irecl wavelength 
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range with a high quantum efficiency, say, 50% or 
greater, since the display screen size is limited by avail
able light intensity. In addition, the conversion 
lifetime should be sufficiently shot·t so that the screen 
will not be overly persistent; there is no perceptible 
consequence if the lifetime is exceptionally short_$ 
Finally, the phosphor should be inexpensive, stable, and 
preferably nontoxic. 

Ill. Materials 
Rather than attempting to cover the broad field of 

phosphors, we will discuss, b:1 way of particular ex
amples, those materials that we consider to be par
ticularly suitable for laser display systems. They 
generally fall into two categories, inorganic rare-earth 
phosphors and orgauic dye phosphors. To a lesser ex
tent we will also consider inorganic compounds that are 
activated by transition metals and other organic mate
rials such as the aromatic hydrocarbons. 

A. Inorganic Phosphors 

According to Pringsheim, 6 practically all molecules 
that are photoluminescent in condensed states are 
rather complex. The only exceptions are the positive 
ions of some rare-earth metals. The optical properties 
of these ions are so little perturbed by the surrounding 
medium that, even in crystals, they behave almost like 
isolated atoms, and their energy levels arc well known.7 

The rare-earth Tb!+ is a particularly useful ion since 
the wavelength for maximum absorption of its 6D4 

manifold corresponds quite closely to the blue (4880 
A) emission of the argon ion laser . When this ion is 
embedded in a properly chosen host, such as a tungstate 
or a molybdate, it will emit upon excitation a strong 
greenish-yellow color which has a peak at approximately 
5440 A.7 The lifetime is approximately 0.5 msec, 
and the quantum efficiency is high, approaching 100%. 
We have examined the performance of Na9.6Tb0.5W04 
under excitation by an argon laser ( 4 80 A) and find 
that 1-mm thick sample absorbs approximately 50% 
of the incident beam. This absorption cross section is 
substantially lower than optimum since a considerable 
thickness of material would be required to coat a display 
screen. 

1.0,.---------.------..., 

~ 
~ 
... 0.5 
2: 
tc 
..J 

"' 0:: 

ABSORPTION EU EMISSION 

WAVE LENGTH (A) 

Fig. I. Relative absorption spectra of TbH and EuH and the 
emission spectra of Eua+. When these two rare-earth ions are 
inrluded in the same host, such as NauTbe.uEuo.uWO,, absorp
lion of-argon lru;er radiation at 4_880 A is du.e to Tbl+wh.ile excita
lion transfer to Eua+ results in the characteristic Eua+ emission 

spectrum which peaks in the red at 614.0 A. 

:r .... 
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Fig. 2. Relative absorption and emission spectra of YAG:Ce. 
The broad absorption band is due toad-baud excitation. 

It is possible to achieve other colors by photolumines
cent conversion using different rare-earth ions. For 
exam11le, Sm~+ has a peak emission at 59 0 A, EuH at 
6140 A, Dy!+ at 5740 A, and Era+ at 5520 A..7 How
ever, none of these transition!-' other than those for TbH 
can be directly excited to any extent by the 4 0-A line 
of the argon laser. Generally, shorter wavelength · 
excitation is required. However, indirect excitation of 
Eu!+ is possible through an intermediate Tb!+ ion.8 

For example, excitation transfer from TbH to EuH in 
N ao.,Tbo.2SEuo.2sW04 causes this material to emit a 
strong red color under 4 0-A illumination. The ab
sorption bands of TbH and EuH and the emission of 
EuH are displayed as a function of wavelength in Fig. 
1. The absorption cro s section, quantum efficiency, 
and lifetime of this material nre s.imilar to Nao.~Tbo.~
W04 discussed above. 

The Ce!+ and EuH ions are exceptions to the general 
observation that the fluorescence of rare-earth ions is 
little affected by the host. This is so because their 
emissions are from d-bands which strongly interact with 
the crystal field.$ A rather unusual but useful material 
is made by adding cerium to Ya.Als01s (Y AG). The 
lower excited states of the crystal field components of 
tue 5d configumtion of the YAG: Ce composition are 
sufficiently low in energy that absorption of 4 80-A 
light hecomes appreciable. 1° Figure 2 shows the ab
sorption and emission spectra in detail. Note that the 
peak of the etnission spectrum occurs at 5500 A, the 
wavlength at which the eye is most sensitive. We 
have found that at 4 0 A the absorption cross section 
is approximately 30 dB/ mm/ wt %of Ce added to the 
Y AG host. In addition to this relatively large absorp
tion cross section, this compound has a very short life
time of approximately 0.07 ~sec (Ref. 11) and a quan
tum efficiency of approximately 70%. 10 These proper
ties make YAG:Ce very attractive for display screen 
applications. Furthermore, this material may be 
tuned for a particular Ube. By replacing some Y with 
Gd the peaks of the absor·ption and emission spectra 
shift to somewhat longer wavelengths, while replacing 
Al with Ga causes the opposite cffect. 10 Other Ce8 + and 
Eu2+ compositions that .have been investigated9•10 

require excitation at wavelengths substantially shorter 
than 4 0 A, general!y in the ultraviolet. 4 

In addition to the rare-earth compounds, there are 
large clas8es of inorganic phosphors ~which have II-VI 
hosts such as ZnS and activators such as Bi, 1\In, Cu, 
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Table I. Ablorptlon and Fluorescence Bands of Dyes In 
Aqueous or Alcoholic Solutions, after Prlngsheim ~>·• 

Firs~ 
absorption l•'lnoreiltence 

Compounds band Daud Color 

I. Xanthene 
Fhtoran IIV 2!)00-4600 viole~ 

(32()()) strong 
Fluorescein 4400-.'i200 filOO 5900 yellow-green 

(Dihydroxyfluoran) (4!)40) (5180) very strong 
Eo!> itt 4500-.~ti()() li200~000 yellow 

(Telrabrom<JIIuo-
rescein) (5170) (5400) strong 

Erythrosin 4600 -5560 5180 5880 yellow 
(Tetraiodc>lluo- 5165 5.17.> wel\k 

rescein) 
no~e bengale (5436) ,'\500 6700 ornnge 

(Tetraiodoletra- (6000) V('ry weak 
rhloroBuorescein) 

llhodamine B extra 4 00 6000 5500 7000 rt'd 
(5500) (UO.iO) strong 

1Utodamine OG 4800 5!100 .)360 6020 yellow 
(6260) (55ii0) stnmg 

Acridine red 4550 0000 5600 MOO omnge 
medium 

Pyronine B 5400 -.5900 li600 6500 orange 
medium 

II. Acridine 
Acridine 30()()-4_500 4000-4800 blue-violet 

nwdittm 
Acridine yellow uv- 5200 4750 6400 green 
Euchryaine uv- fi400 5050 6700 ~reeni h-

{5850) yellow 
medium 

Hhoouine A uv-5100 4700 MOO green wenk 
ArriBa vine uv--5000 48ii0 6600 yellowish-

(Trypatla vine) gree_n 
strong 

rn. Azine 
Magdala red 4000 6000 5:)00-7000 red ~trong 

(524.0) (6000) 
Safraoine (63!)0 yellow-red 

IV. Thia.zine 
Thionine 4 00--6300 orauge 

(5800) medium 
Met-hylene blue 5500-7000 red medium 

• Approximate limits or band~ in A; peaks of bands in 
parentheses. 

and Ag, and mtuly nctivatcd tungstate.'!, molybdates, 
vanadates, phm"lphnlcs, gcrmnnatcs, a nd s ilicates that 
also have strong band fluorescence." We have not 
found these materials to be part iculurly useful since 
most are not readily excited by argon radiation or are 
of inadequate quantum efficiency. 

B. Organic Phosphors 

There arc a number of aromMic hydrocarbons and 
organic dyes !nat when proper·ly treated exhibit strong 
fluorescence over a broad portion of lhc visible spec
t rum. Under white light illuminMion several of these 
appear to glow with a particular colot· ranging from 
greenish-yellow through orange to bright red. This 

152 APPLIED OPTICS I Vol. 10, No. 1 I January 1971 

dayglow phenomenon has found considerable use in 
advertising display and is due to strong ab orp
tion of blue and green Light with subsequent emission 
at the various louger wavclengths. 13 

The fluorescing hydrocarbons and dyes are em
ployed in very dilute form in order to achieve optimum 
quantum efficiency. Usually pigments (solid particles 
that catTy dye) are formed by di~solving the dye in an 
organic resin solution which is subsequently condensed 
to an in~olublo atato by tho application of heat. 14 Tn 
certnin cuscR the efficiency is enhanced if the dye is 
adsorbed on rolloi<ll! such as fibers or gel particle.<> of 
high polymers. u RcprcscntMivc materials and the 
color which they fluoresce include pyrclene (blue), 
fluorescein (rellow-g!'l>cn), eosin (yellow), Rhodamine-B 
(red), Rhodaminc-60 (yellow), acridine (blue), acri
flavine (yellow-green), naphtluucne red (red), Auro
minc-0 (yellow-green), and 7-diethylnmino-4 methyl 
coumarin (blue) as well as other xanthene, aziue, oxa
zioe, thioazine, acridine, flavin, naphthalimide, and 
coumarin derivatives. Additional d11ta on the ab ·orp
tion and emission of selected dyes are given in Table I. 1• 

We have ext~mincd in conAidPrable detail a oaph
thalimide dye, 4-amino-1,8-na phthul-p-xenylimide 
(yellow-green), and two Rhodamine dyes (orange and 
red) that have been cast into an adhesive coated plastic 
film for commercial usc (Minnesota 1\fining and Manu
facturing Company, Scotchcal F luorescent Film, types 
34 ' 3, 34.84, and 348.1). Their emission spectra for 
4880-A excitation, which are shown in Fig. 3, exhibit 
peaks at fi200 A (yellow-green), 0000 A (orange), and 
62001 (red). We have determined that their Lifetimes 
are all considerably less than 1 !lSCC, a nd their absorp
tion cross section!! are~o large thnt the entire laser beam 
is absorbed within the thin films which are approxi
mately 0.1 mm thick. Their absorption bands are 
<1uite broad, including essentially all the violet and blue 
and a portion of the green. We have estimated from 
analysis of reflection spcctr·a reported by Ward'8 that 

0~000 ~000 
... VE LENGTH IAI 

Fig. 3. Relative emission spectra of nnphthalimide dye (3485) 
and Rhodnmine dyes (348.'3 and 3484) due to excitation by lhe 

4880-A line of an argon laser. 
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